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Summary
Eukaryotic cells respond to low-oxygen concentrations by upregulating hypoxic nuclear genes (hypoxic signaling). Although
it has been shown previously that the mitochondrial respiratory chain is required for hypoxic signaling, its underlying role
in this process has been unclear. Here, we find that yeast and rat liver mitochondria produce nitric oxide (NO) at dissolved
oxygen concentrations below 20 mM. This NO production is nitrite (NO2
2) dependent, requires an electron donor, and is car-
ried out by cytochrome c oxidase in a pH-dependent fashion. Mitochondrial NO production in yeast is influenced by the YHb
flavohemoglobin NO oxidoreductase, stimulates expression of the hypoxic nuclear gene CYC7, and is accompanied by an
increase in protein tyrosine nitration. These findings demonstrate an alternative role for the mitochondrial respiratory chain
under hypoxic or anoxic conditions and suggest that mitochondrially produced NO is involved in hypoxic signaling, possibly
via a pathway that involves protein tyrosine nitration.Introduction
Several previous studies have implicated the respiratory chain in
hypoxic signaling in eukaryotes (Kwast et al., 1999; Poyton,
1999; Poyton et al., 2003; Chandel et al., 1998). It has been pro-
posed that the respiratory chain produces increased levels of
reactive oxygen species (ROS) when cells experience reduced
oxygen levels and that these ROS are involved in hypoxic signal-
ing. Support for this mitochondrial model for oxygen sensing
comes from studies with both yeast andmammalian cells. Stud-
ies with yeast have demonstrated that exposure to anoxia or
hypoxia leads to a transient increase in mitochondrially gener-
ated oxidative stress, enhanced levels of protein and DNA oxi-
dation (Dirmeier et al., 2002), and increased expression of
SOD1 resulting from increased superoxide levels. And studies
with mammalian cells have implicated ROS in stabilization of
HIF-1a, an important regulator of hypoxic genes (c.f., Kaelin,
2005).
Although yeast and mammalian cells experience transient
oxidative stress upon exposure to hypoxia, the relationship be-
tween this and hypoxic signaling is still poorly understood. On
the one hand, support for the involvement of oxidative stress
in hypoxic signaling in yeast comes from the finding that some
genes involved in the oxidative stress response are induced
by anoxia (Lai et al., 2005; ter Linde et al., 1999). On the other
hand, hypoxic yeast genes are not induced by exogenously
added oxidants (Causton et al., 2001; Gasch et al., 2000), sug-
gesting that ROS alone are not sufficient for hypoxic signaling
and that the mitochondrial respiratory chain may influence hyp-
oxic signaling via other mechanisms.
An important hint concerning an additional role for the mito-
chondrial respiratory chain in hypoxic signaling comes from re-
cent studies on the yeast flavohemoglobin YHb, a homolog of
mammalian cytohemoglobins. YHb is a NO oxidoreductaseCELL METABOLISM 3, 277–287, APRIL 2006 ª2006 ELSEVIER INC. Dwhich plays an essential role in both oxidative and nitrosative
stress responses (Liu et al., 2000; Zhao et al., 1996) and which,
as such, regulates levels of peroxynitrite (ONOO2), a substrate
for protein tyrosine nitration (Radi, 2004). YHb is present in the
cytosol and mitochondrial matrix of normoxic cells but resides
exclusively in the promitochondrial matrix in anoxic cells
(Cassanova et al., 2005). The presence of YHb exclusively in
the promitochondria of anoxic cells is surprising considering
that these cells are grown in the absence of oxygen and have
greatly reduced levels of oxidative stress (Dirmeier et al.,
2002). Because YHb functions to consume NO, this observation
implies that NO is produced in anoxic yeast promitochondria.
These findings, together with earlier reports that promitochon-
dria retain low levels of mitochondrial respiratory proteins (Dag-
sgaard et al., 2001) and the ability to respire (David and Poyton,
2005), suggest that the mitochondrial respiratory chain func-
tions with an alternative electron acceptor at low-oxygen con-
centrations and that the product of this chain is NO. This hypoth-
esis is supported by mammalian cell studies which have
demonstrated that mitochondria produce elevated levels of
NO under hypoxia (Valdez et al., 2004; Schild et al., 2003) and
that some of this NO synthesis is not catalyzed by NO synthase
(NOS) (Lepore et al., 1999; Chen et al., 2002; Agvald et al., 2002).
In this study, we examined the involvement of mitochondria in
NO production and hypoxic signaling. We have found that both
yeast and rat liver mitochondria are capable of producing NO
from nitrite (NO2
2) when exposed to low-oxygen concentra-
tions. This reaction is dependent on the respiratory chain. We
have also identified cytochrome c oxidase as the mitochondrial
enzyme that functions to reduce NO2
2 to NO. In addition, we
have been able to demonstrate that yeast cells experience
a transient increase in protein tyrosine nitration when exposed
to anoxia and that mitochondrially generated NO can be linked
to the induction of CYC7, a hypoxic yeast gene.OI 10.1016/j.cmet.2006.02.011 277
A R T I C L EFigure 1. NO production by yeast
A) NO production by isolated yeast mitochondria.
Isolated mitochondria (400 mg protein/ml) from
strains JM43, DR11, and DR10 were preincubated
for 12 min at 28ºC in NO Assay Medium. Then,
NaNO2 was added to a final concentration of 1 mM
and NO production recorded with a NO electrode.
B) Dose-dependent NO production in isolated DR11
mitochondria. Different amounts of isolated mito-
chondrial protein were analyzed for their ability to
produce NO following the protocol described above
in (A). Inset, Initial rate of NO production versus mg
mitochondrial protein.
C) Effects of the NO scavenger PTIO and KCN on NO
production by isolated yeast mitochondria. NO pro-
duction from DR11 yeast mitochondria (400 mg pro-
tein/ml) was measured as described in (A). At the
times indicated by arrows, KCN or PTIO were added
to final concentrations of 1 mM and 10 mM, respec-
tively.
D) Effect of the NO2
2 concentration on the NO pro-
duction by isolated yeast mitochondria. NO produc-
tion from 400 mg mitochondrial protein/ml was mea-
sured as described in (A) in the presence of different
concentrations of added NO2
2 (the external concen-
tration). The internal concentration of NO2
2 was
measured as described in Experimental Procedures.Results
NO production in yeast
To determine if yeast cells are capable of endogenous NO syn-
thesis we assayed three isogenic yeast strains: JM43, which is
YHB1+ and r+ (respiration-proficient); DR11, which is yhb12
and r+ ; and DR10, which is yhb12 and ro (respiration-deficient)
(Zhao et al., 1996). From Figure S1 it is clear that yeast cells are
capable of NO production and that the rate of NO production by
DR11 cells is substantially higher than the rates in NO produc-
tion in JM43 or DR10 cells (Figure S1). These findings indicate
that YHb suppresses endogenous NO production and that NO
production is reduced in the absence of mitochondrial respira-
tion. This latter finding, together with our recent findings that
some YHb resides in the mitochondrial matrix (Cassanova
et al., 2005), led us to ask if NO is produced in yeast mitochon-
dria. We first asked if yeast mitochondria possess a NOS.
Although several studies have reported the existence of a mito-
chondrial NOS (mtNOS) in mammals, there is currently no con-
sensus concerning the identity of this protein (Brookes, 2004;
Ghafourifar and Cadenas, 2005; Lacza et al., 2005). It has
been characterized by various research groups as either neuro-
nal (NOS1), inducible (NOS2), or endothelial (NOS3). To address
whether yeast mitochondria have a NOS, we performed three
types of analysis. First, we searched the yeast genome (www.
yeastgenome.org) and yeast mitochondrial proteome for pro-
teins related to any known NOS, using BLASTP. This analysis
failed to reveal substantial sequence matches with homology
to genes that encode the three mammalian NOS isoforms or
the gene for AtNOS1, a putative NOS (Guo et al., 2003). Second,
we subjected yeast mitochondria to immunoblot analysis using
antibodies raised to the three mammalian NOS isoforms. From278Figure S2 it is clear that we could not detect crossreacting ma-
terial to any NOS isoform in yeast mitochondria. As expected, all
three NOS isoforms are detected in the control, which consisted
of cell extracts from embryonic mouse fibroblasts (Figure S2).
Third, we assessed the ability of yeast mitochondrial lysates to
produce NO by providing the NOS substrate (L-Arginine) and
cofactors (NADPH, FAD, FMN, calmodulin, and calcium). This
experiment also failed to reveal the presence of NOS in yeastmi-
tochondria (data not shown). In contrast, we easily detected
NOS activity in our positive rat brain control tissue. Together,
these findings make it very unlikely that yeast mitochondria pro-
duce NO via a classical NOS.
NO2
2-dependent production of NO
by yeast mitochondria
Our finding that the enhanced NO production seen in DR11 is
not observed in DR10 (Figure S1) suggested a role for the mito-
chondrial respiratory chain in NO production. To address this
we asked if yeast mitochondria produce NO when provided
with either nitrate (NO3) or NO2
2. Given that YHb is located inmi-
tochondria and is an effective consumer of NO we first used mi-
tochondria from DR11. These were compared to mitochondria
from JM43, which possesses wild-type YHb and a functional re-
spiratory chain, and DR10, which lacks YHb and a respiratory
chain. These studies revealed no NO production from NO3 un-
der any conditions. Initially, we also failed to detect NO produc-
tion from NO2
2, until we discovered that NO was produced only
after a 10–12 min lag following introduction of mitochondria into
the reaction chamber. In the experiment shown in Figure 1A, mi-
tochondria were placed in NO assay medium and incubated for
12 min. Then NO2
2 was added to the reaction vessel and NO
production followed. We could detect NO production by DR11CELL METABOLISM : APRIL 2006
Mitochondrial nitric oxide synthesisFigure 2. NO production by yeast mitochondria is
inhibited by oxygen and catalyzed by cytochrome c
oxidase
A) NO production by isolated DR11 mitochondria in
the presence of different levels of dissolved oxygen.
NO production from 400 mg protein/ml was mea-
sured as described in Figure 1A. Dissolved oxygen
concentration was measured concomitantly with
a Strathkelvin oxygen electrode. DOC = dissolved
oxygen concentration.
B) NO production by isolated DR11 mitochondria in
normoxic and anoxic conditions. NO production
was measured as described in Figure 1D except
that the assay buffer was pre-bubbled with either
air or nitrogen, as indicated.
C) Ascorbate/TMPD supports NO2
2-dependent NO
synthesis only in the presence of mitochondria. NO
production was measured with an NO electrode in
the assay medium (minus succinate) described in
Figure 1A. At the time indicated by arrows, TMPD
(0.5 mM final concentration), ascorbate (0.5 mM final
concentration), 400 mg/ml mitochondria, or NaNO2
(1mM final concentration) were added to the reaction
chamber.
D) Effects of cytochrome c and KCN on cytochrome
c oxidase catalyzed NO2
2-dependent NO produc-
tion. One hundred and twenty-six micrograms of pu-
rified cytochrome c oxidase were added to the NO
electrode chamber pre-bubbled with nitrogen for
5 min at 28ºC in a medium containing: 650 mMMan-
nitol, 10 mM K2HPO4 (pH 6.5), 0.1 mM EDTA, 10 mM
KCl, 2 mMcytochrome c, 1.25mMTMPD, and 0.01%
Triton X 100. NaNO2 was added to the chamber
(1 mM final concentration), and NO production was
followed with NO electrode.
E) Dose-dependent NO synthesis by purified cyto-
chrome c oxidase. Aliquots containing different
amounts of purified cytochrome c oxidase were as-
sayed for NO2
2-dependent NO synthesis produc-
tion, as described above in (D). Inset, Initial rate of
NO production versus mg cytochrome c oxidase
protein.nalized NO2
2, which is within the
s found in yeast cells (see below).
pendent NO production
n of DR11 mitochondria in a closed
ndent NO production suggested
that the preincubation period functions to reduce oxygen levels
in the assay buffer. To address this we measured the oxygen
concentration in the vessel during the preincubation period (Fig-
ure 2A) and found that NO production began when the oxygen
concentration fell below a dissolved oxygen concentration of
2% (20 mM O2 under our assay conditions) and was maximal
when oxygen was absent. This finding implies that oxygen af-
fects NO2
2-dependent NO formation in mitochondria. To further
explore this finding we compared the length of the lag period for
mitochondria that had been placed in assay buffer pre-bubbled
with air or nitrogen. Pre-bubbling with air had little effect (Fig-
ure 2B) while pre-bubbling with nitrogen completely removed
the lag in NO production, providing direct support for themitochondria but not by mitochondria from JM43 or DR10. This
suggests that the respiratory chain is required for NO production
and that mitochondrial YHb is effective in consuming the NO
that is produced in JM43 mitochondria. From the results shown
in Figure 1B it is clear that the rate of NO production is depen-
dent on the amount of mitochondrial protein assayed. As a
control for NO production we used the NO scavenger PTIO
(2-Phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl), which
immediately reduced the level of NO produced under our assay
conditions (Figure 1C). KCN inhibited continued NO production,
supporting the conclusion that NO production requires a func-
tional respiratory chain.
To determine the relationships between NO2
2 concentration
and NO production, we performed assays at different external
NO2
2 concentrations (Figure 1D).We alsomeasured the amount
of external NO2
2 that is taken up by mitochondria. The latter
revealed that only 10% of the external NO2
2 is internalized. Re-
sults from this analysis reveal that NO production occurs over
a wide range of NO2
2 concentrations and can be detectedCELL METABOLISM : APRIL 2006with as little as 20 mM inter
range of NO2
2 concentration
Oxygen effects on NO2
2-de
Our finding that preincubatio
vessel precedes NO2
2-depe279
A R T I C L Econclusion that NO2
--dependent NOproduction inmitochondria
is inhibited by oxygen.
Involvement of the respiratory chain
Having determined that the preincubation lag functions to re-
duce the oxygen concentration in the reaction vessel, we mod-
ified our assays to include a 5 min pre-bubbling with nitrogen
prior to the addition of NO2
2. Using these assay conditions, we
were able to establish that NO production by yeast mitochondria
requires an electron acceptor (NO2
2 but not NO3) and an elec-
tron donor (succinate, malate, pyruvate) (Table 1). This NO2
2-
dependent NO production is inhibited by cyanide and antimycin
A (Table 1) and is not present in DR10, which lacks YHb and is
respiration deficient (Figure 1A). The finding that KCN prevents
NO production when added at the beginning of the experiment
(Table 1) and abruptly inhibits NO production when added later
(Figure 1C) indicates that the respiratory chain is involved in NO
production throughout the entire course of the experiment.
We have also found that the nonphysiological electron donors
ascorbate/TMPD support a high level of NO production (Table 1)
both in the presence and absence of antimycin A, a complex III
inhibitor. From Figure 2C it is clear that the NO synthesis sup-
ported by ascorbate/TMPD requires mitochondria because
there is no NO synthesis in their absence. This indicates that
the high rates of NO production supported by ascorbate/
TMPD are enzymatic and are not attributable to the nonenzy-
matic reduction of NO2
2 to NO. While the TCA cycle interme-
diates succinate, malate, or pyruvate feed electrons into the
beginning of the respiratory chain, the electron donor pair ascor-
bate/TMPD feeds electrons into cytochrome c and then cyto-
chrome c oxidase at the end of the chain. This finding, together
with our observation that ascorbate/TMPD supports NO pro-
duction under conditions where complex III is inhibited, clearly
suggests that the terminal region of the respiratory chain is suf-
ficient for NO synthesis.
NO production in intact yeast mitochondria is also affected by
ADP (Table 1). There are at least two plausible explanations for
this. First, ADP may increase the rate of NO production simply
by dissipating the proton gradient across the inner mitochon-
drial membrane. This would result in an increased rate of elec-
tron flow through the respiratory chain. Alternatively, ADP could
be converted to ATP, which may itself affect NO production. We
addressed the first possibility by substituting the uncoupler dini-
trophenol for ADP and the second possibility by substituting
ATP for ADP. From Table 1 it is clear that ADP can be replaced
by either dinitrophenol or ATP but not GTP or GDP. These re-
sults suggest that ADP increases the rate of NO production
both by increasing the rate of electron transport and by its
conversion to ATP. Finally, it is important to note that the NOS
inhibitor, g-nitro-L-Arginine-Methyl Ester (L-NAME), has no ef-
fect on NO2
2-dependent NO production in these mitochondria
(Table 1). This rules out a role for NOS in NO2
2-dependent NO
production.
Cytochrome c oxidase catalyzes NO2
2-dependent
NO production
The finding that added ascorbate/TMPD supports a high rate of
NO2
2-dependent NO formation in the presence of antimycin A
suggested that cytochrome c and cytochrome c oxidase alone
can function in reducingNO2
2 to NO in hypoxic/anoxic yeastmi-
tochondria. To test this directly we asked if purified yeast cyto-280chrome c oxidase has NO2
2 reductase activity, when assayed in
the absence of oxygen. Isolated yeast cytochrome c oxidase, in
assay medium containing cytochrome c and TMPD, was placed
in the NO electrode reaction chamber and bubbledwith nitrogen
for 5 min to remove oxygen. NO2
2was then added and NO pro-
duction was measured. Cytochrome c and cytochrome c oxi-
dase were added in equimolar amounts and TMPD was added
in excess in order to keep the cytochrome c that is in the reaction
buffer or bound to cytochrome c oxidase reduced (Cooper,
1990). It is clear from Figure 2D that isolated cytochrome c oxi-
dase supports a robust rate of NO production and that its ability
to produce NO is dependent on cytochrome c and is inhibited by
cyanide, and air (data not shown). The rate of NO production by
cytochrome c oxidase increases with increasing concentrations
of enzyme (Figure 2E). In addition, this reaction is affected by pH
(Table 2). Using buffers with pH values that correspond to the in-
tracellular pH of yeast cells grown in the presence or absence of
air (Campbellburk et al., 1987; Gonzalez et al., 2000; Valli et al.,
2005), we find that NO production by cytochrome c oxidase in-
creases between pH 7 and pH 6. We also find that we are better
Table 1. Characterization of yeastmitochondrial NO2
2-dependent NOproduction
Assay medium Rate of NO production (%)a
NO Assay Mediumb 100 6 8
—NO2
2 0 6 5
—NO2
2 + 1mM NO3
2 0 6 4
—Mitochondria 0 6 3
—Succinate 0 6 5
+ 10 mM L-NAME 100 6 7
—Succinate, + 2.5 mM Malate/pyruvate 210 6 11
—Succinate + 5 mM NADH 0 6 5
+ 1 mM KCN 0 64
+ 20 mg/ml Antimycin A 0 6 5
—Succinate, + 0.5 mM ascorbate/TMPD 820 6 30
—Succinate, + 0.5 mM ascorbate/TMPD +
20 mg/ml Antimycin A
790 6 25
—ADP 12 6 2
—ADP + 0.03 mM ATP 94 6 2
—ADP + 0.03 mM GDP 2 6 1
—ADP + 0.03 mM GTP 3 6 1
—ADP + 0.2 mM Dinitrophenol 137 6 5
NO production by intact yeast mitochondria (0.7 mg of mitochondrial protein) was
determined with an NO electrode using a closed chamber in NO Assay Medium,
as described in Experimental Procedures. Mitochondria were preincubated in
the closed chamber for 12 min at 28ºC, prior the addition of NaNO2. Values are
given 6 standard error of mean.
a 100% is equivalent to12 mM NO 3 1023/min.
b NO Assay Medium: 30 mM ADP, 6 mM succinate, 650 mM Mannitol, 10 mM
K2HPO4 (pH 6.5), 0.1 mM EDTA and 10 mM KCl.
Table 2. Effect of NO2




NO Rate (mM 3 1023 /min)
pH 6 pH 6.5 pH 7
0.02 1.3 6 0.7 — —
0.1 14 6 0.8 1.1 6 0.6 —
1 221 6 0.9 17 6 0.9 1.0 6 0.5
Assays of yeast cytochrome c oxidase (63 mgof protein) were performed in 650mM
Mannitol, 10mMK2HPO4, 0.1mMEDTA, 10mMKCl, 2 mMcytochrome c, 1.25mM
TMPD, and 0.01% Triton X 100, pre-bubbled with nitrogen for 5 min at 28ºC.
NaNO2 was then added (final concentration 1 mM) and NO synthesis measured
in a closed chamber as described in Experimental Procedures. Values are6 SEM.CELL METABOLISM : APRIL 2006
Mitochondrial nitric oxide synthesisFigure 3. NO production by rat liver mitochondria
A) NO2
2-dependent NO synthesis by rat liver mito-
chondria in normoxic or anoxic conditions. NO pro-
duction wasmeasured as described in Figure 1A, us-
ing isolated rat livermitochondria (400 mg protein/ml),
prebubbled with either air or N2, as indicated.
B)Dose-dependent NO synthesis in isolated liver mi-
tochondria. Aliquots containing different amounts of
liver mitochondrial protein were pre-bubbled with ni-
trogen for 5 min at 28ºC in NO Assay Medium.
NaNO2 was then added to a final concentration of
1 mM and NO production followed. Inset, Initial rate
of NO production versus mg mitochondrial protein.
C) Effect of the inhibitors of complex III and TMPD on
the production of NO by rat liver mitochondria. NO
production was measured as described in (A) above,
using isolated rat liver mitochondria (400 mg protein/
ml). At the times indicated by arrows, Antimycin A,
Myxothiazol, or acorbate/TMPD were added to final
concentrations of 20 mg/ml, 4 mM, or 0.5 mM/0.5
mM, respectively.
D) TMPD-dependent activity is not affected by the
inhibitors of complex III. Rat liver mitochondria (400
mg protein/ml) were pre-bubbled with nitrogen at
28ºC for 5 min in NO Assay Medium (minus succi-
nate, plus 0.5 mM/0.5mM ascorbate/TMPD).
NaNO2 was then added to a final concentration of
1 mM and NO production followed with a NO elec-
trode. At the times indicated with arrows, Antimycin
A and Myxothiazol were added to final concentra-
tions of 20 mg/ml and 4 mM, respectively.able to measure this activity with lower NO2
2 concentrations at
pH 6.0 than at a pH of 6.5 or 7.0. This finding is interesting for
two reasons. First, because the intracellular pH of yeast and
other cells drops when cells are exposed to anoxia or hypoxia.
This finding suggests that the ability of cytochrome c oxidase
to function as a NO2
2 reductase in anoxic cells or mitochondria
is mediated by changes in intracellular pH. And second, it is
well accepted that the rate of electron transport from heme a
to heme a3 in the binuclear reaction center of cytochrome c ox-
idase, with oxygen as substrate, is proton coupled. It increases
with decreasing pHbecause this enzymealso functions as apro-
ton pump when present in the inner mitochondrial membrane
(Cooper, 1990). Our findings suggest that this also occurs
when NO2
2 is the electron acceptor.
NO2
2-dependent NO production by rat
liver mitochondria
To examine whether mitochondria from higher organisms ex-
hibit NO2
2-dependent NO production under the conditions
used for yeast mitochondria, we assayed isolated rat liver mito-
chondria. As with yeast mitochondria, a lag is observed prior to
NO synthesis unless the assay buffer is pre-bubbled with nitro-
gen (Figure 3A). The rate of NO synthesis increases in a dose-
dependent fashion with increasing mitochondrial protein (Fig-
ure 3B). This activity, like that in yeast mitochondria, requires
NO2
2 (but not nitrate), an electron donor, and ADP. It can be sup-CELL METABOLISM : APRIL 2006ported either by physiological electron donors (succinate, ma-
late, pyruvate, NADH) or by ascorbate/TMPD (Table 3) and is
inhibited by antimycin A, myxothiazol, KCN, and carbon monox-
ide. NO2
2-dependent NO synthesis in rat liver mitochondria is
supported by wide-range external NO2
2 concentrations and
can be observed with as little as 100 mM added NO2
2 (data
not shown). As with yeast mitochondria only 10% of the added
NO2
2 is internalized by rat liver mitochondria. NO2
2-dependent
NO synthesis in rat liver mitochondria is not inhibited by
L-NAME, which supports the conclusion that none of the NO
synthesis observed is attributable to a mtNOS. This is not
surprising because our assay conditions lack L-Arginine and
calcium and have a pH that is too acidic for NOS activity (Conte,
2003).
Our results confirm those of a previous study, which also re-
ported that rat liver mitochondria are capable of recycling
NO2
2 to NO under anoxic conditions (Nohl et al., 2000). In con-
trast to our findings above with yeast mitochondria, this later
study concluded that complex III of the respiratory chain func-
tioned as the NO2
2 reductase. To examine this possibility, we
looked at the effects of the two complex III inhibitors, antimycin
and myxothiazol, on NO production in rat liver mitochondria,
providedwith either succinate or TMPD as a source of electrons.
Both inhibitors prevent the production of NO from NO2
2 when
succinate is used as a source of electrons but not when TMPD
is used as a source of electrons (Figure 3C). However,281
A R T I C L Eascorbate/TMPD supports the resumption of NO2
2-dependent
NO synthesis, after blocking succinate-driven electron transport
with either inhibitor. In addition, neither myxothiazol nor antimy-
cin A inhibit TMPD-driven NO production (Figure 3D). Because
TMPD feeds electrons into the respiratory chain downstream
of complex III (at the level of cytochrome c), these data support
the conclusion that the terminal portion of the respiratory chain
(i.e., cytochrome c and cytochrome c oxidase) is sufficient for
the reduction of NO2
2 to NO in rat liver mitochondria, as we
have found in yeastmitochondria. This conclusion is further sub-
stantiated by our finding that carbon monoxide, which specifi-
cally inhibits cytochrome c oxidase, blocks the reduction of
NO2
2 to NO in rat liver mitochondria (Table 3).
NO affects expression of CYC7
Previously, we have demonstrated that induction of the hypoxic
nuclear geneCYC7 in yeast cells requires cytochrome c oxidase
and the respiratory chain (Kwast et al., 1999). We have also
shown that cyanide blocks the induction of CYC7 after cells
are anoxic (Kwast et al., 1999). This suggested that cytochrome
c oxidase functions with an alternative electron acceptor in the
absence of oxygen and that the product of this reaction func-
tions as a ‘‘signal’’ that is required for the induction of CYC7.
Given the above finding that cytochrome c oxidase can use
NO2
2 as an alternative electron acceptor to produce NO under
anoxic conditions we next asked if NO is a ‘‘signal’’ involved in
the hypoxic induction of this gene. To address this we per-
formed three types of experiments. First, we asked if YHb influ-
ences the kinetics of induction ofCYC7. FromFigure 4A it can be
seen that the expression ofCYC7 in JM43 does not increase un-






NO Assay Mediumb 100 6 8
—NO2
2 0 6 9
—NO2
2 + 1 mM NO3
2 0 6 8
—Mitochondria 0 6 7
—Succinate 0 6 6
+10 mM L-NAME 100 6 9
—Succinate, + 2.5 mM Malate/pyruvate 260 613
—Succinate + 5 mM NADH 0 6 6
—ADP 50 6 6
—Succinate + 0.5 mM ascorbate/TMPD 700 6 80
+ CO (bubbled 10 min) 0 6 7
+ 1 mM KCN 0 6 5
—Succinate + 0.5 mM ascorbate/TMPD + CO 2 6 5
—Succinate + 0.5 mM ascorbate/TMPD + 1 mM KCN 3 6 5
—Succinate + 20 mg/ml Antimycin A 15 6 6
—Succinate + 4 mM Myxothiazol 0 6 5
—Succinate + 0.5 mM ascorbate/TMPD + 20 mg/ml
Antimycin A
650 6 70
—Succinate + 0.5 mM ascorbate/TMPD + 4 mM
Myxothiazol
680 6 50
NOproduction by intact rat liver mitochondria (0.7mg ofmitochondria protein) was
determined with an NO electrode using a closed chamber in NOAssayMedium, as
described in Experimental Procedures. Mitochondria were preincubated in the
closed chamber for 12min at 28ºC prior the addition of NaNO2. Values are given6
standard error of mean.
a 100 % is equivalent to12 mM NO 3 1023/min.
bNO Assay Medium is 0.7 mg of mitochondria, 30 mM ADP, 6 mM succinate,
650 mM Mannitol, 10 mM K2HPO4 (pH 6.5), 0.1 mM EDTA, and 10 mM KCl.282til 8 hr after the shift. In contrast, expression ofCYC7 in DR11 in-
creases between 2 and 4 hr after a shift, reaching a maximum at
8 hr, and then declines. This clearly demonstrates that the kinet-
ics of induction of this gene are different in JM43 andDR11. Sec-
ond, we compared the level of expression of CYC7 in JM43,
DR11, and DR10 cells grown to steady state under anoxic con-
ditions. The level ofCYC7 expressed during steady-state anoxic
growth is much higher in DR11 than it is in either JM43 or DR10
(Figure 4B). Together, these findings indicate that the absence
of YHb affects both the kinetics of hypoxic induction and the
level of expression of CYC7 in anoxic cells. They also suggest
that the enhanced level of CYC7 expression seen in DR11 re-
quires both the absence of YHb and the presence of a functional
respiratory chain. The simplest explanation for these observa-
tions is that the enhanced level of nitrosative stress experienced
by cells lacking YHb influences the expression of CYC7. To ex-
amine this more directly, we asked if an exogenously supplied
NO donor, diethylenetriamine NO adduct (DETA-NO), affects
the expression of CYC7 when added to aerobic DR11 cells.
This experiment revealed that low concentrations of DETA-NO
increase the expression of CYC7. Normoxic cells treated with
0.5 mM DETA-NO show a 7-fold increase in CYC7 expression
(Figure 4C). When considered together, these findings indicate
that NO plays a role in the expression of CYC7 and suggest
that mitochondrially generated NO functions early in a hypoxic
signaling pathway.
Protein tyrosine nitration increases in hypoxic cells
The above studies have focused primarily on DR11, a strain that
is null for YHb. In order to ask if YHb+ cells experience nitrosative
stress when exposed to anoxia we subjected JM43 cells to
a shift from normoxia to anoxia and examined the levels of pro-
tein tyrosine nitration at different times after the shift. From
Figure 4D it is obvious that the level of protein tyrosine nitration
of specific protein bands increases immediately after the shift
and reaches a peak at 3 hr. Interestingly, this transient increase
in protein tyrosine nitration parallels the transient increase in ox-
idative stress, measured as protein carbonylation (Dirmeier
et al., 2002); both reach a peak at 3 hr after the shift. Because
peroxy NO2
2 functions in protein tyrosine nitration and is formed
from superoxide and NO, these findings strongly suggest that
levels of both superoxide and NO increase upon exposing these
cells to anoxia. Given that YHb in JM43 is present in both themi-
tochondrial matrix and cytosol (Cassanova et al., 2005), these
findings also imply that the level of mitochondrial YHb present
at the time of the shift is insufficient to counter NO production
when the respiratory chain goes anoxic. Moreover, the ability
of YHb to consume NO in both the presence or absence of ox-
ygen (Liu et al., 2000) and to localize between the mitochondrial
matrix and cytosol in an oxygen-dependent manner (Cassanova
et al., 2005) strongly suggests that YHb functions to coordinate
intracellular NO levels with environmental oxygen levels.
Discussion
Mitochondrial NO synthesis
The results presented here indicate that mitochondria from
yeast and rat liver are capable of NO2-dependent NO synthesis
and that this occurs independently of a mtNOS. NO2
2-depen-
dent NO synthesis requires the respiratory chain and appears
when the oxygen concentration drops below w20 mM. TheCELL METABOLISM : APRIL 2006
Mitochondrial nitric oxide synthesisFigure 4. NO and the expression of CYC7 in
S. cerevisiae
A) Effects of YHb on the hypoxic induction of CYC7.
JM43 and DR11 cells were maintained in steady-
state normoxic growth in the fermentor for six gener-
ations prior to changing the sparge gas from air to
97.5% N2, 2.5% CO2. Cells were harvested at the
times indicated, their RNA extracted, separated by
agarose electrophoresis, blotted, and hybridized with
a CYC7 probe. The transcript levels are expressed
relative to the level at 12 hr. Values are6 SEM.
B) Expression of CYC7 in cells grown to steady state
under anoxic conditions. JM43, DR11, and DR10
were grown in 97.5% N2, 2.5% CO2 in the fermentor
for six generations, harvested, and analyzed for the
expression of theCYC7 andACT1.Values are6SEM.
C) Induction of CYC7 by DETA-NO. Expression of
CYC7 and ACT1 in the presence of the NO donor,
DETA-NO. DR11 yeast cell were examined and quan-
tified by Northern blot hybridization as indicated in Ex-
perimental Procedures.
D)Protein tyrosine nitration inwhole-cell extracts from
JM43 after a shift to anoxia. Left Panel, JM43 cells
were grown in the conditions indicated in (A). Cells
were harvested at the times indicated, and 5 mgof pro-
tein of the whole-cell lysate were prepared and ana-
lyzedbySDS-PAGEelectrophoresis and immunoblot-
ting as described in Experimental Procedures. Right
Panel, quantification of protein tyrosine nitration after
a shift to anoxia. Values are6 SEM.
E) A model for the role of cytochrome c oxidase and
themitochondrial respiratory chain in hypoxic gene in-
duction. In the presence of air, cytochrome c oxidase
uses oxygen as an electron acceptor and produces
water. When oxygen is limiting, it uses NO2
2 as an
electron acceptor and produces NO. Under low-oxy-
gen conditions, the respiratory chain becomes re-
duced and the electrons that accumulate are released
as superoxide (O2
.2) by cytochrome bc1. This super-
oxide combines with NO to produce peroxynitrite
(ONOO2), which promotes protein tyrosine nitration
of specific proteins that may be involved in a signaling
pathway to the nucleus.NO2
2-dependent NO synthesis that we observe is catalyzed by
cytochrome c oxidase and is observable at effective internal mi-
tochondrial NO2
2 concentrations as low as 20 mM, which is
within the physiological range. These findings are interesting in
the context of several other studies that have addressed the ef-
fects of hypoxia on mitochondrial NO synthesis. For example, it
has been reported that NO production in rat liver and heart mi-
tochondria increases under hypoxic conditions (Valdez et al.,
2004; Schild et al., 2003) and that some of this activity is not
inhibited by the NOS inhibitor L-NAME. In addition, a NOS-
independent pathway in ischemic heart has been linked to
NO2
2-dependent NO production (Tiravanti et al., 2004). This lat-
ter finding is especially interesting because nitroglycerin, which
is used to treat ischemia, is metabolized to NO2
2 and then NO
under hypoxic conditions (Agvald et al., 2002), and because
NO2
2 is produced from nitroglycerin in mitochondria (Chen
et al., 2002). Finally, mitochondria from a variety of eukaryotes
are capable of reducing NO2
2 to NO when incubated at low-
oxygen concentrations (Kozlov et al., 1999; Nohl et al., 2000;
Planchet et al., 2005; Tiravanti et al., 2004; Tischner et al.,
2004). This activity is not attributable to mtNOS.CELL METABOLISM : APRIL 2006Cytochrome c oxidase as a NO2
2 reductase
It has been reported that under some conditions, mammalian
cytochrome c oxidase can convert NO2
2 to NO as a NO2
2 re-
ductase (Paitian et al., 1985) and that a heme a3–nitrosyl com-
plex is formed at the binuclear reaction center in bovine heart
cytochrome c oxidase when incubated in the presence of ex-
cess NO2
2 and a reducing agent (Brudvig et al., 1980). At pH
7.3, NO dissociates from this complex with a rate of 0.01s21
(Sarti et al., 2000), indicating that under these conditions bovine
heart cytochrome c oxidase can function as a slow NO2
2 reduc-
tase. Here, we have shown that purified yeast cytochrome c ox-
idase can also function as a NO2
2 reductase. It does so when
oxygen is limiting and the rate of the reductase reaction in-
creases with decreasing pH. This is interesting because the in-
tracellular pH of yeast cells decreases when cells are exposed
to anoxia (Campbellburk et al., 1987; Gonzalez et al., 2000).
Yeast cytochrome c oxidase can produce NO over a wide range
of NO2
2 concentrations. We have determined that the NO2
2
concentration in aerobic JM43 yeast cells ranges from 9.5 to
17.5 nmol of NO2
2 per g wet weight. Assuming that one g wet
weight is equivalent to 0.64 ml cell water (Sherman, 2002),283
A R T I C L Ethis value corresponds to 15 to 27.5 mM NO2
2. This range of
NO2
2 concentrations partially overlaps the range of NO2
2 con-
centrations used by yeast cytochrome c oxidase and yeast mi-
tochondria.
Mitochondrially produced NO and hypoxic
gene induction
Although several previous studies have implicated the respira-
tory chain in the induction of hypoxic nuclear genes in both yeast
(Kwast et al., 1999; Poyton, 1999) and mammals (Poyton, 1999;
Poyton et al., 2003; Chandel et al., 1998) the molecular mecha-
nisms that underlie this are unclear. One possibility is that the re-
spiratory chain produces increased levels of ROSwhen cells are
exposed to anoxia or hypoxia and that these ROS are involved
(Figure 4E). Although thismechanism for hypoxic gene induction
in mammals has been controversial in the past (c.f., Agani et al.,
2000; Chandel et al., 1998, 2000; Enomoto et al., 2002; Srinivas
et al., 1999; Srinivas et al., 2001; Vaux et al., 2001), recent stud-
ies strengthen the conclusion that mammalian cells undergo ox-
idative stress when exposed to hypoxia and that mitochondrially
generated ROS function in hypoxic signaling by stabilizing HIF-
1a (Brunelle et al., 2005; Guzy et al., 2005; Mansfield et al.,
2005). However, it is not clear from these studies that ROS are
sufficient for HIF-1a stability. Indeed, it is unlikely that mito-
chondrially generated ROS are sufficient for the induction of
hypoxic genes in yeast because exogenous oxidants do not in-
duce their expression (Causton et al., 2001; Gasch et al., 2000).
This suggests that the respiratory chain participates in hypoxic
signaling in other ways.
Our findings that mitochondria produce NO under hypoxic or
anoxic conditions and that the level of protein tyrosine nitration
in yeast cells is increased in a protein-specific manner when
cells are shifted from normoxia to anoxia provide an alternative
model for mitochondrial participation in hypoxic signaling. In-
deed, they suggest a model (Figure 4E) in which mitochondrially
generated NO and superoxide combine to form peroxynitrite,
which then tyrosine nitrates protein components of a hypoxic
signaling pathway. Support for thismitochondrial model for hyp-
oxic signaling in yeast comes from our finding that NO induces
the expression of yeast CYC7, a hypoxic nuclear gene, that
CYC7 is induced earlier and at higher levels in yhb12 cells
than in YHB1+ cells, and that YHB1+ cells undergo a transient in-
crease in tyrosine protein nitration upon exposure to reduced
oxygen levels. This model also receives support from recent
mammalian cells studies, which have shown that cytochrome
c is required for the stabilization of HIF-1a in murine cell lines
exposed to hypoxia (Mansfield et al., 2005). Cytochrome c is a
substrate for cytochrome c oxidase and hence required for
NO2-dependent NO production. However, this model is con-
founded by previous attempts to evaluate the involvement of
NO in mammalian hypoxic signaling because these studies
have produced contradictory results. Some have reported that
NO inhibits hypoxia-induced HIF-1a stabilization (Hagen et al.,
2003; Huang et al., 1999; Liu et al., 1998; Sogawa et al., 1998)
while others have reported that NO serves to stabilize HIF-1a
in normoxic cells (Kimura et al., 2002; Metzen et al., 2003). It
has also been reported that NO and other respiratory inhibitors
lead to increased intracellular oxygen levels in hypoxic cells and
that this increase in intracellular oxygen levels suppresses
HIF-1a stabilization (Hagen et al., 2003), a conclusion that was
challenged recently (Brunelle et al., 2005). It is not yet known if284peroxynitrite affects the stability of HIF-1a, possibly via protein
tyrosine nitration. In this regard, it is useful to note that
superoxide and peroxynitrite are capable of affecting protein
activity/stability under conditions where NO alone has no effect
(Hausladen and Fridovich, 1994).
Clearly, more work is required to test the validity of the above
model. Attempts to examine the role of mitochondrially pro-
duced NO and peroxynitrite as well as protein tyrosine nitration
in hypoxic signaling in yeast and mammalian cells are currently
underway.
Experimental procedures
Yeast strains and growth media
The following yeast strains of S. cerevisiae were used: JM43 (Mat a his4-580
trp1-289 leu 2-3, 112 ura3-52 [r+]) (McEwen et al., 1986); DR11, a derivative
of JM43 containing a URA3 disrupted YHB1 gene; and DR10, a derviative of
JM43 r0 (Mat a his4-580 trp1-289 leu 2-3, 112 ura3-52 [r0]) containing a
URA3 disrupted YHB1 gene (Zhao, et al., 1996). Strains JM43, DR10, and
DR11 are isochromosomal except for the yhb null mutations carried in
DR10 and DR11. JM43 cells were grown in SSG-TEA media (supplemented
with Tween 80, ergosterol, amino acids, and uracil, as needed [Kwast et al.,
1999]). DR11 and DR10 cells were grown in SSG-TE (URA-) dropout media
(per liter: 3 g Difco Yeast Nitrogen Base, w/o amino acids, 10 g galactose,
0.8 g NH4SO4, 1 g KH2PO4, 0.5 g NaCl, 0.34 g MgSO4, 5 mg FeCl2, 2 g amino
acid dropout mix (-ura) and 0.4 g CaCl2) supplemented with 0.1% Tween 80
and 20 mg/ml ergosterol. Aerobic cultures and pre-cultures were grown in
a shaker (200 rpm) at 28ºC and harvested in logarithmic growth phase. For
shift experiments between normoxia and anoxia, a New Brunswick BioFlo
3000 fermentor was used as described (Poyton et al., 2004).
Preparation of whole-cell lysate, mitochondrial,
and cytosolic fractions
Coupled mitochondria (i.e., with P:O ratios near 2) were prepared from aero-
bic cultures as described (McKee and Poyton, 1984). After cell breakage and
centrifugation at 20003 g for 3 min, an aliquot of the supernatant was saved
as ‘‘whole-cell lysate.’’ The rest of the supernatant was decanted and centri-
fuged for 10 min at 120003 g to pellet the mitochondrial fraction, saving the
supernatant as the cytosolic fraction.
Isolation of rat liver mitochondria
Rat liver mitochondria were prepared from 3-month-old F344/NHSD rats ac-
cording to a published procedure (Pallotti and Lenaz, 2001).
Measurement of NO production
NO production was measured with a Clark-type NO electrode and an
ISO-NO mark II NO-meter (WPI, Sarasota, Florida). Except where noted all
solutions were NO2
2 free. Measurements were performed at 28ºC using a
final reaction volume of 2 ml in a thermostated chamber with a close-fitting
lid and fine holes for the electrode and aHamilton syringe. Assays for NOpro-
duction by themitochondrial respiratory chain or cytochrome c oxidase were
performed in NO Assay Medium (30 mMADP, 6mM succinate, 650mMMan-
nitol, 10 mM K2HPO4 [pH 6.5], 0.1 mM EDTA, and 10 mM KCl).
SDS-PAGE
Mitochondrial and cytosolic fractions were separated on 10% polyacryl-
amide gels (resolving gel: 10% (w/v) 32:1 acrylamide: bisacrylamide, 0.1%
(w/v) SDS, 0.4 M Tris, pH 8.8; stacking gel: 3.5% (w/v) 32:1 acrylamide: bisa-
crylamide, 0.1% (w/v) SDS, 0.125 M Tris, pH 6.8. The cytosol and mitochon-
drial protein samples were prepared by adding 23 SDS loading buffer
(0.02 M NaPO4, pH 6.8, 4% recrystallized SDS, 40 mM dithiothreitol, 8%
glycerol) and then boiled for 3min. The gel was run at 110 V until the dye front
reached the bottom of the gel.
Northern blot analysis
RNA isolation, electrophoresis, Northern blotting, and hybridization were
performed as indicated elsewhere (Poyton et al., 2004). The resulting images
were analyzed and quantified using ImageQuant 5.2 (Molecular Dynamics).CELL METABOLISM : APRIL 2006
Mitochondrial nitric oxide synthesisMeasurement of mitochondrial respiration
Rates of oxygen uptake by mitochondria were measured at 30ºC with
a Strathkelvin oxygen electrode system, as described previously with
some modifications (Poyton et al., 2004). The assay solution consisted of
2 ml of buffer containing 0.65 M Mannitol, 0.01M K2HPO4 (pH 6.5), 0.1 mM
EDTA, 0.01 M KCl, and 0.7 mg of mitochondrial protein.
Measurement of intracellular NO2
2 concentration in normoxic cells
Aerobic cultures were grown on a shaker (200 rpm) at 28ºC and harvested in
logarithmic growth phase. Cells were washed three times with cold distilled
water, weighed, and suspended in 2 volumes of cold water. The cells were
broken at 4ºC by sonication using a Branson Sonifier 250 with a microtip,
a duty cycle of 20%, and a power setting of 40W. The lysate was centrifuged
20 min at 140003 g and an aliquot of the supernatant introduced via a Ham-
ilton syringe in the chamber of the NO-electrode filled with a solution of 0.1 M
H2SO4 and 0.1 M KI. The intracellular concentration of NO2
2 was calculated
from the amperometric detection of NO produced from the NO2
2 present in
the sample (Berkels et al., 2001).
Evaluation of NO2
2 uptake by mitochondria
Rat liver mitochondria or yeast mitochondria (1 mg) were incubated for
12 min at 28ºC in 2 ml of NO Assays Medium minus succinate and NaNO2.
After incubation, mitochondria were sedimented by centrifugation (130003 g,
10 min) and their volume measured. The pellet was washed with 2 ml of 650
mM Mannitol, 10 mM K2HPO4 (pH 6.5), 0.1 mM EDTA, 10 mM KCl, 30 mM
ADP and resuspended in 100 ul of 1% Triton X-100. NO2
2 concentration
was measured both in the supernatant and in the pellet as indicated in the
section above.
NO donor experiments
DR11 cells were grown in SSG-TE (URA-) drop outmedia as indicated above,
harvested in logarithmic phase, washed twice with ice cold water, sus-
pended in a medium containing 0.45% glucose, 40 mM K2HPO4 (pH 7.4)
and incubated for 4 hr in a shaker (200 rpm) with different concentrations
of DETA-NO. After incubation, the cells were harvested andmRNA extracted
as indicated above.
Data analysis
All experimental data shown were derived from atleast two or three indepen-
dent experiments.
Miscellaneous
Protein concentration was determined as described (Lowry et al., 1951),
using bovine serum albumin as a standard. Cytochrome c oxidase from
S. cerevisiae was prepared by Method 1 described previously (Poyton
et al., 1995).
Supplemental data
Supplemental data include two figures and experimental procedures and can
be found with this article online at http://www.cellmetabolism.org/cgi/
content/full/3/4/277/DC1/.
Acknowledgments
The authors gratefully acknowledge the technical assistance of Madeleine
Leisner and Gail Ackerman for the generous contributions of animal tissue.
Cell extracts from embryonic mouse fibroblasts were kindly donated by Dr.
Hugo Olguin. This work was supported by National Institutes of Health Grant
GM30228.
Received: June 23, 2005
Revised: November 17, 2005
Accepted: February 17, 2006
Published: April 4, 2006CELL METABOLISM : APRIL 2006References
Agani, F.H., Pichiule, P., Chavez, J.C., and LaManna, J.C. (2000). The role of
mitochondria in the regulation of hypoxia-inducible factor 1 expression dur-
ing hypoxia. J. Biol. Chem. 275, 35863–35867.
Agvald, P., Adding, L.C., Artlich, A., Persson, M.G., and Gustafsson, L.E.
(2002). Mechanisms of nitric oxide generation from nitroglycerin and endog-
enous sources during hypoxia in vivo. Br. J. Pharmacol. 135, 373–382.
Berkels, R., Purol-Schnabel, S., and Roesen, R. (2001). A new method to
measure nitrate/nitrite with a NO-sensitive electrode. J. Appl. Physiol. 90,
317–320.
Brookes, P.S. (2004). Mitochondrial nitric oxide synthase. Mitochondrion 3,
187–204.
Brudvig, G.W., Stevens, T.H., and Chan, S.I. (1980). Reactions of nitric-oxide
with cytochrome-c oxidase. Biochemistry 19, 5275–5285.
Brunelle, J.K., Bell, E.L., Quesada, N.M., Vercauteren, K., Tiranti, V., Zeviani,
M., Scarpulla, R.C., and Chandel, N.S. (2005). Oxygen sensing requires mi-
tochondrial ROS but not oxidative phosphorylation. Cell Metab. 1, 409–414.
Campbellburk, S.L., Denhollander, J.A., Alger, J.R., and Shulman, R.G.
(1987). P-31 Nmr saturation-transfer and C-13 Nmr kinetic-studies of glyco-
lytic regulation during anaerobic and aerobic glycolysis. Biochemistry 26,
7493–7500.
Cassanova, N., O’Brien, K.M., Stahl, B.T., McClure, T., and Poyton, R.O.
(2005). Yeast flavohemoglobin, a nitric oxide oxidoreductase, is located in
both the cytosol and the mitochondrial matrix: effects of respiration, anoxia,
and the mitochondrial genome on its intracellular level and distribution.
J. Biol. Chem. 280, 7645–7653.
Causton, H.C., Ren, B., Koh, S.S., Harbison, C.T., Kanin, E., Jennings, E.G.,
Lee, T.I., True, H.L., Lander, E.S., and Young, R.A. (2001). Remodeling of
yeast genome expression in response to environmental changes. Mol. Biol.
Cell 12, 323–337.
Chandel, N.S., Maltepe, E., Goldwasser, E., Mathieu, C.E., Simon, M.C., and
Schumacker, P.T. (1998). Mitochondrial reactive oxygen species trigger hyp-
oxia-induced transcription. Proc. Natl. Acad. Sci. USA 95, 11715–11720.
Chandel, N.S., McClintock, D.S., Feliciano, C.E., Wood, T.M., Melendez,
J.A., Rodriguez, A.M., and Schumacker, P.T. (2000). Reactive oxygen spe-
cies generated at mitochondrial complex III stabilize hypoxia-inducible fac-
tor-1alpha during hypoxia: a mechanism of O2 sensing. J. Biol. Chem. 275,
25130–25138.
Chen, Z., Zhang, J., and Stamler, J.S. (2002). Identification of the enzymatic
mechanism of nitroglycerin bioactivation. Proc. Natl. Acad. Sci. USA 99,
8306–8311.
Conte, A. (2003). Physiologic pH changesmodulate calcium ion dependence
of brain nitric oxide synthase in Carassius auratus. Biochim. Biophys. Acta
1619, 29–38.
Cooper, C.E. (1990). The steady-state kinetics of cytochrome c oxidation by
cytochrome oxidase. Biochim. Biophys. Acta 1017, 187–203.
Dagsgaard, C., Taylor, L.E., O’Brien, K.M., and Poyton, R.O. (2001). Effects
of anoxia and the mitochondrion on expression of aerobic nuclear COX
genes in yeast: evidence for a signaling pathway from the mitochondrial ge-
nome to the nucleus. J. Biol. Chem. 276, 7593–7601.
David, P.S., and Poyton, R.O. (2005). Effects of a transition from normoxia to
anoxia on yeast cytochrome c oxidase and the mitochondrial respiratory
chain: implications for hypoxic gene induction. Biochim. Biophys. Acta
1709, 169–180.
Dirmeier, R., O’Brien, K.M., Engle, M., Dodd, A., Spears, E., and Poyton, R.O.
(2002). Exposure of yeast cells to anoxia induces transient oxidative stress.
Implications for the induction of hypoxic genes. J. Biol. Chem. 277, 34773–
34784.
Enomoto, N., Koshikawa, N., Gassmann, M., Hayashi, J., and Takenaga, K.
(2002). Hypoxic induction of hypoxia-inducible factor-1alpha and oxygen-
regulated gene expression in mitochondrial DNA-depleted HeLa cells. Bio-
chem. Biophys. Res. Commun. 297, 346–352.285
A R T I C L EGasch, A.P., Spellman, P.T., Kao, C.M., Carmel-Harel, O., Eisen, M.B., Storz,
G., Botstein, D., and Brown, P.O. (2000). Genomic expression programs in
the response of yeast cells to environmental changes. Mol. Biol. Cell 11,
4241–4257.
Ghafourifar, P., and Cadenas, E. (2005). Mitochondrial nitric oxide synthase.
Trends Pharmacol. Sci. 26, 190–195.
Gonzalez, B., de Graaf, A., Renaud, M., and Sahm, H. (2000). Dynamic in vivo
P-31 nuclear magnetic resonance study of Saccharomyces cerevisiae in glu-
cose-limited chemostat culture during the aerobic-anaerobic shift. Yeast 16,
483–497.
Guo, F.Q., Okamoto, M., and Crawford, N.M. (2003). Identification of a plant
nitric oxide synthase gene involved in hormonal signaling. Science 302, 100–
103.
Guzy, R.D., Hoyos, B., Robin, E., Chen, H., Liu, L., Mansfield, K.D., Simon,
M.C., Hammerling, U., and Schumacker, P.T. (2005). Mitochondrial complex
III is required for hypoxia-induced ROS production and cellular oxygen sens-
ing. Cell Metab. 1, 401–408.
Hagen, T., Taylor, C.T., Lam, F., and Moncada, S. (2003). Redistribution of
intracellular oxygen in hypoxia by nitric oxide: effect on HIF1alpha. Science
302, 1975–1978.
Hausladen, A., and Fridovich, I. (1994). Superoxide and peroxynitrite inacti-
vate aconitases, but nitric oxide does not. J. Biol. Chem. 269, 29405–29408.
Huang, L.E., Willmore, W.G., Gu, J., Goldberg, M.A., and Bun16n, H.F.
(1999). Inhibition of hypoxia-inducible factor 1 activation by carbon monox-
ide and nitric oxide. Implications for oxygen sensing and signaling. J. Biol.
Chem. 274, 9038–9044.
Kaelin, W.G., Jr. (2005). ROS: really involved in oxygen sensing. Cell Metab.
1, 357–358.
Kimura, H., Ogura, T., Kurashima, Y., Weisz, A., and Esumi, H. (2002). Effects
of nitric oxide donors on vascular endothelial growth factor gene induction.
Biochem. Biophys. Res. Commun. 296, 976–982.
Kozlov, A.V., Staniek, K., and Nohl, H. (1999). Nitrite reductase activity is
a novel function of mammalian mitochondria. FEBS Lett. 454, 127–130.
Kwast, K.E., Burke, P.V., Staahl, B.T., and Poyton, R.O. (1999). Oxygen sens-
ing in yeast: evidence for the involvement of the respiratory chain in regulat-
ing the transcription of a subset of hypoxic genes. Proc. Natl. Acad. Sci. USA
96, 5446–5451.
Lacza, Z., Pankotai, E., Csordas, A., Gero, D., Kiss, L., Horvath, E.M., Kollai,
M., Busija, D.W., and Szabo, C. (2005). Mitochondrial NO and reactive nitro-
gen species production: Does mtNOS exist? Nitric Oxide 14, 162–168.
Lai, L.C., Kosorukoff, A.L., Burke, P.V., and Kwast, K.E. (2005). Dynamical re-
modeling of the transcriptome during short-term anaerobiosis in Saccharo-
myces cerevisiae: differential response and role of Msn2 and/or Msn4 and
other factors in galactose and glucose media. Mol. Cell. Biol. 25, 4075–4091.
Lepore, D.A., Kozlov, A.V., Stewart, A.G., Hurley, J.V., Morrison, W.A., and
Tomasi, A. (1999). Nitric oxide synthase-independent generation of nitric ox-
ide in rat skeletal muscle ischemia-reperfusion injury. Nitric Oxide 3, 75–84.
Liu, Y., Christou, H., Morita, T., Laughner, E., Semenza, G.L., and Kouremba-
nas, S. (1998). Carbon monoxide and nitric oxide suppress the hypoxic
induction of vascular endothelial growth factor gene via the 50 enhancer.
J. Biol. Chem. 273, 15257–15262.
Liu, L., Zeng, M., Hausladen, A., Heitman, J., and Stamler, J.S. (2000). Pro-
tection from nitrosative stress by yeast flavohemoglobin. Proc. Natl. Acad.
Sci. USA 97, 4672–4676.
Lowry, O.H., Rosebrough, N.J., Farral, A.L., and Randall, R.J. (1951). Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265–275.
Mansfield, K.D., Guzy, R.D., Pan, Y., Young, R.M., Cash, T.P., Schumacker,
P.T., and Simon, M.C. (2005). Mitochondrial dysfunction resulting from loss
of cytochrome c impairs cellular oxygen sensing and hypoxic HIF-alpha ac-
tivation. Cell Metab. 1, 393–399.286McEwen, J.E., Ko, C., Kloeckner-Gruissem, B., and Poyton, R.O. (1986).
Nuclear functions required for cytochrome c oxidase biogenesis in Saccha-
romyces cerevisiae. Characterization of mutants in 34 complementation
groups. J. Biol. Chem. 261, 11872–11879.
McKee, E.E., and Poyton, R.O. (1984). Mitochondrial gene expression in sac-
charomyces cerevisiae. I. Optimal conditions for protein synthesis in isolated
mitochondria. J. Biol. Chem. 259, 9320–9331.
Metzen, E., Zhou, J., Jelkmann, W., Fandrey, J., and Brune, B. (2003). Nitric
oxide impairs normoxic degradation of HIF-1alpha by inhibition of prolyl hy-
droxylases. Mol. Biol. Cell 14, 3470–3481.
Nohl, H., Staniek, K., Sobhian, B., Bahrami, S., Redl, H., and Kozlov, A.V.
(2000). Mitochondria recycle nitrite back to the bioregulator nitric monoxide.
Acta Biochim. Pol. 47, 913–921.
Paitian, N.A., Markossian, K.A., and Nalbandyan, R.M. (1985). The effect of
nitrite on cytochrome oxidase. Biochem. Biophys. Res. Commun. 133,
1104–1111.
Pallotti, F., and Lenaz, G. (2001). Isolation and subfractionation of mitochon-
dria from animal cells and tissue culture lines. Methods Cell Biol. 65, 1–35.
Planchet, E., Jagadis, G.K., Sonoda,M., and Kaiser,W.M. (2005). Nitric oxide
emission from tobacco leaves and cell suspensions: rate limiting factors and
evidence for the involvement of mitochondrial electron transport. Plant J. 41,
732–743.
Poyton, R.O. (1999). Models for oxygen sensing in yeast: implications for
oxygen-regulated gene expression in higher eucaryotes. Respir. Physiol.
115, 119–133.
Poyton, R.O., Goehring, B., Droste, M., Sevarino, K.A., Allen, L.A., and Zhao,
X.J. (1995). Cytochrome-c oxidase from Saccharomyces cerevisiae.
Methods Enzymol. 260, 97–116.
Poyton, R.O., Dirmeier, R., O’Brien, K., David, P., and Dodd, A. (2004). Exper-
imental strategies for analyzing oxygen sensing in yeast. Methods Enzymol.
381, 644–662.
Poyton, R.O., Dirmeier, R., O’Brien, K., and Spears, E. (2003). A role for the
mitochondrion and reactive oxygen species in oxygen sensing and adapta-
tion to hypoxia in yeast. In Oxygen Sensing.Responses and Adaptation to
hypoxia, S. Lahiri, G.L. Semenza, and N.R. Prabhakar, eds. (New York:
Marcel Dekker, Inc), pp. 23–45.
Radi, R. (2004). Nitric oxide, oxidants, and protein tyrosine nitration. Proc.
Natl. Acad. Sci. USA 101, 4003–4008.
Sarti, P., Giuffre, A., Forte, E., Mastronicola, D., Barone, M.C., and Brunori,
M. (2000). Nitric oxide and cytochrome c oxidase: mechanisms of inhibition
and NO degradation. Biochem. Biophys. Res. Commun. 274, 183–187.
Schild, L., Reinheckel, T., Reiser, M., Horn, T.F., Wolf, G., and Augustin, W.
(2003). Nitric oxide produced in rat liver mitochondria causes oxidative stress
and impairment of respiration after transient hypoxia. FASEB J. 17, 2194–
2201.
Sherman, F. (2002). Getting started with yeast. Methods Enzymol. 350, 3–41.
Sogawa, K., Numayama-Tsuruta, K., Ema, M., Abe, M., Abe, H., and Fujii-
Kuriyama, Y. (1998). Inhibition of hypoxia-inducible factor 1 activity by nitric
oxide donors in hypoxia. Proc. Natl. Acad. Sci. USA 95, 7368–7373.
Srinivas, V., Zhu, X., Salceda, S., Nakamura, R., andCaro, J. (1999). Hypoxia-
inducible factor 1alpha (HIF-1alpha) is a non-heme iron protein. Implications
for oxygen sensing. J. Biol. Chem. 274, 1180.
Srinivas, V., Leshchinsky, I., Sang, N., King, M.P., Minchenko, A., and Caro,
J. (2001). Oxygen sensing and HIF-1 activation does not require an active mi-
tochondrial respiratory chain electron-transfer pathway. J. Biol. Chem. 276,
21995–21998.
ter Linde, J.J., Liang, H., Davis, R.W., Steensma, H.Y., van Dijken, J.P., and
Pronk, J.T. (1999). Genome-wide transcriptional analysis of aerobic and
anaerobic chemostat cultures of Saccharomyces cerevisiae. J. Bacteriol.
181, 7409–7413.CELL METABOLISM : APRIL 2006
Mitochondrial nitric oxide synthesisTiravanti, E., Samouilov, A., and Zweier, J.L. (2004). Nitrosyl-heme com-
plexes are formed in the ischemic heart: evidence of nitrite-derived nitric
oxide formation, storage, and signaling in post-ischemic tissues. J. Biol.
Chem. 279, 11065–11073.
Tischner, R., Planchet, E., and Kaiser, W.M. (2004). Mitochondrial electron
transport as a source for nitric oxide in the unicellular green alga Chlorella
sorokiniana. FEBS Lett. 576, 151–155.
Valdez, L.B., Zaobornyj, T., Alvarez, S., Bustamante, J., Costa, L.E., and
Boveris, A. (2004). Heart mitochondrial nitric oxide synthase. Effects of hyp-
oxia and aging. Mol. Aspects Med. 25, 49–59.CELL METABOLISM : APRIL 2006Valli, M., Sauer, M., Branduardi, P., Borth, N., Porro, D., and Mattanovich, D.
(2005). Intracellular pH distribution in Saccharomyces cerevisiae cell popula-
tions, analyzed by flow cytometry. Appl. Environ. Microbiol. 71, 1515–1521.
Vaux, E.C., Metzen, E., Yeates, K.M., and Ratcliffe, P.J. (2001). Regulation of
hypoxia-inducible factor is preserved in the absence of a functioning mito-
chondrial respiratory chain. Blood 98, 296–302.
Zhao, X.J., Raitt, D., Burke, V., Clewell, A.S., Kwast, K.E., and Poyton, R.O.
(1996). Function and expression of flavohemoglobin in Saccharomyces cer-
evisiae. Evidence for a role in the oxidative stress response. J. Biol. Chem.
271, 25131–25138.287
